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Abstract
Very high energy density, free-radical
propellants such as atomic hydrogen may
enable unique launch vehicle propulsion
applications. Atomic hydrogen could deliver a
specific impulse between 600 and 1500 lbr-
s/Ibm performance level and this capability has
attracted many researchers over the last 50
years. This paper reviews atomic hydrogen
investigations and assesses the current state of
the art. Future directions for research on this
propellant are discussed and trade studies are
presented that can be used to establish the
"best" engine and space vehicle design
conditions.
There has been great progress in the
improvement of atom storage density over the
last several decades. Laboratory studies have
demonstrated 0.2 and 2 mass percent atomic
hydrogen in a solid hydrogen matrix. If the
atom storage were to reach 10 to 15 percent,
which would produce an Isp of 600 to 750 lbf-
s/Ibm, atomic hydrogen might provide an
attractive alternative to current chemical
propulsion. However, new breakthroughs in
production, storage, and transfer technologies
are required before atomic hydrogen can be
used as a rocket propellant.
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Chemical propulsion system studies using
metastable propellants or other exotic fuels
have been conducted for many years (Refs. 1
to 8), but effective and practical propulsion
systems using these fuels have not been
demonstrated. The metastable nature of these
high energy density materials (I-IEDIVl), as well
as their unusually short lifetime, has prevented
their practical use. However, the understanding
of the nature of these potential propellants has
improved significantly over the last several
decades (Refs. 9 to 29).
Atomic hydrogen has been of particular interest
because its high energy content gives it the
potential for high specific impulse.
Theoretically, the specific impulse (I,p) can
range from 600 to 1500 lbt'-s/lbm. These Isp
values require, respectively, 10- to nearly 100-
percent hydrogen atom mass density stored in
molecular H2. This propellant allows up to
82.7-percent reductions in the Gross Lift Off
Weight (CtLOW) of National Launch System
(NLS)-type launch vehicles or increases in
payload mass of 14 to 601 percent. Even if
only a 15-tJercent mass density of these atoms
are stored in H 2, the result may revolutionize
and simplify launch vehicles. The influence of
the Isp ott the vehicle performance will be
discussed later in this paper. Previous work
(Ref. 7) has shown that the practical deliverable
Isp of atotl_ hydrogen and the density of the
propellant make it applicable only to launch
vehicles, a conclusion which is further
reinforced I_y the more-specific findings in this
paper.
The first proposals for free-radicals as
propellants were presented in 1943 (Refs. 1
and 2). After these initial forays, more-
extensive efforts began in the mid 1950's with
research sponsored by the National Bureau of
Standards (ReL 3). Research at many
international research centers has continued
through the present day. The level of
understanding of the physics of atomic
hydrogen is, however, still painfully low.
Applicatio_ to rocket propulsion will therefore
take many more years of work.
The potential of atomic hydrogen is so great,
however, that the interest in it will certainly
continue tmtil these atoms are either harnessed
or a physical storage limit is reached. A
breakthrough in atom storage technology could
also improve Earth-storable rocket propellants.
Small amounts of added non-cryogenic atoms
could increase the I.p of many propellant
combinations. Ground-based energy storage of
a hydrogen-based economy or one based on
other cryogenic fuels for terrestrial applications
could also benefit from higher stored energy
densities. The applications of atom storage can
therefore have many important applications
outside of the rocket propulsion community.
This paper describes the current state of the art
in atomic hydrogen production and the limits of
the atom storage density. Also addressed are
feed system options, a set of parametric engine
performance predictions, and a brief discussion
of the past thruster testing with free radicals is
included. A bibliography is also included to
cover many additional articles and reports on
atomic hydrogen investigations.
Research Summary
Many researchers have conducted significant
work in free-radical trapping and storage. The
first free radical trapping occurred in 1953-54
(Ref. 9). Nitrogen atoms were deposited in a
solid nitrogen matrix and cooled with liquid
helium (Ref. 9). The atoms were formed with
an electrodeless discharge excited by a
microwave voltage, which broke up a small
fraction of the molecules of the matrix material.
The atoms move to the interstitial spaces of the
solid and are stored there. Similarly, oxygen
and hydrogen atoms were trapped in a matrix
of solid oxygen and hydrogen, respectively
(Ref. 9). In 1959, experiments attempting to
trap atomic hydrogen achieved a storage
density of 6 x 10-4 percent (Ref. 3 and l 1).
The early nitrogen experiments revealed a phos-
phorescence of the recombining nitrogen. This
phosphorescence is prominently noted in much
of the future work on freeradical hydrogen.
The light energy released may be a great
fraction of the total energy released from the
free radical recombination. This light and its
implications for propulsion are discussed later
in the paper.
Atomic hydrogen propellant research has
advanced significantly in the last half century.
A steady increase in the stored atom density in
a cryogenic solid matrix has occurred over this
period. In Figure 1, the stored atom density is
plotted versus calendar year. Both "theoretical"
limits and experimental values of atomic
2
hydrogen storage density are depicted. The
dates listed in the figure are the source
publication dates (see Refs. 1 through 29).
This figure implies that experimental
capabilities are improving significantly.
Facilities from the Department of Energy
(DOE) are now available to conduct very
specialized experiments on microscopic
samples of atomic hydrogen. As the
experiments have improved, modeling and
predictions of atom storage have become more
sophisticated. The trend of the predicted
storage density shows that the "theoretical"
limit is improving as the new insights gained
from experiments are included.
Figure 1 shows that a new understanding of
atomic hydrogen will be needed to make it
useful for propulsion. The eurrently accepted
"theoretical" limit for storing free atoms in a
solid matrix is 5 percent (Refs. 23 and 24),
while the storage density required to make
atomic hydrogen attractive is greater than 10
percent. Without improving the storage limit
beyond the 5-percent level, atomic hydrogen is
not a viable propellant. This will be addressed
later in the paper.
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The theoretical line shown in Figure 1 is based
on the "intuition" and educated guesses of
various researchers and not on a rigorous
theory. The basis of the line is an assessment
of the state of the art at that time, expert
opinions, and reasonable extrapolations of the
current thinking on the subject. The theoretical
storage densities from 1943 to 1980 are
maximum amounts based on the work of
Windsor (Ref. 3) and Jackson (Refs. 13 and
14). The limit predictions of the late 1950's
(Refs. 13 and 14) showed that the maximum
density would be a few tenths of a percent.
Windsor postulated that the storage density
might rise to 1%; earlier, a 10- to 14-percent
density was also postulated (Refs. 10 and 12).
This higher estimate was based upon the
geometrical alignment of a single hydrogen
atom with H2 molecules surrounding it, and
reflected only the minimum packing factor for
atoms and molecules. It did not address any of
the important theoretical or practical subtleties
of atom-molecule interactions.
From the 1960's through the 1970"s, most of
the work that was applicable to propellants was
conducted at low cryogenic temperatures
between 0.1 and 10 K. Many difficulties with
both operations and material physics were
encountered when operating at these
temperatures. However, the highest storage
densities of atomic hydrogen are only possible
at the lowest temperatures. The low
temperature reduces the mobility of the atoms
in the solid lattice. Other methods of storage in
a higher temperature gas are possible, but the
low density (and consequently very high
volume) of the gas makes this method of
storing propellantimpractical for Earth to Orbit
(ETO) launch vehicles.
Much low-temperature atom storage research
has been conducted with many differing
production methods and measurement
techniques. Shamoff and Pound (Ref. 15) used
magnetic resonance to determine the atomic
deuterium density. Their experiments showed
that the storage density could reach 3 x 10-3
percent (shown in Figure 1). In general, they
found that lower temperatures produced the
higher storage densities. Data from Ref. 15
show the increase in the number of stored
atoms with decreasing temperature.
In Leach's work (Ref. 16), paramagnetic
resonance measurements were used to
determine the production rate and the lifetime of
atomic hydrogen. Though the experimental
work was difficult to interpret in some ways,
he was able to demonstrate the ability to store
H atoms for several hours at a temperature near
41C
Hess conducted research looking into the
effects of strong magnetic fields on atomic
hydrogen storage lime (Ref. 17). Though some
of his results were inconclusive, he believed
that the free-radical storage density could be
improved by using intense magnetic fields.
Another research program also found that high
fields could promote storage of free radicals
(Ref. 18).
Rosen (Refs. 4 and 19) had conducted an
extensive set of measurements from 1974 to
1981 (also see bibliography). His work
investigated the influence of magnetic fields
and attempted to determine some of the limits
of atomic hydrogen storage using tritium as a
production source of the hydrogen atoms. A
total limit of - 7 x 1019 atoms/era3 (or - 1 x
10-2 percent by mass) storage density was
predicted with his theory. His experiments
were conducted at temperatures as low as 0.1
K and considered the use of triatomic hydrogen
molecules to enhance the storage density. His
experimental work implied that strong magnetic
fields (up to 15 Tesla) did improve the atom
storage lifetime. The magnetic field may be able
to delay the transition from a spin-polarized
state to a ground state and delay the atom
recombination.
Current Research
Several directions are being pursued to
determine the limits of storage. Parallel
research in storing free radicals in solid
cryogens is being conducted by NASA, the
U.S. Air Force Phillips Laboratory (AFPL,
Refs. 8, 23 and 24), and in the former Soviet
Union (Ref. 25). The Phillips Laboratory has
an extensive program underway in high energy
density materials (HEDM) of all types (Ref. 8).
Some of their free-radical work has focused on
trapping atoms of lithium in solid hydrogen,
deuterium, and neon. Laser ablation has been
used to produce place lithium atoms in the solid
matrix. Research in Russia has continued since
1971 (Ref. 25). Recent Russian research has
concentrated on depositing neon and nitrogen
in solid matrices and in helium mixtures (Ref.
25). Gaines (Refs. 26 to 28) and Collins (Ref.
29) have conducted the most recent atomic
hydrogen experiments. These experiments
found the current upper limit of 0.2 to 2 percent
atom storage in solid hydrogen. This limit is
not, however, considered to be an ultimate
limit. The work of Fajardo (Refs. 23 and 24)
suggests that the limit may be up to 5 percent
molar (of lithium or boron metal atoms in H2)
with current experimental production methods
(Ref. 24).
Recent experiments funded by NASA and the
AFPL are using the facilities of the DOE. Most
of the work is conducted at the Lawrence
Livermore National Laboratory (LLNL), where
there are many facilities which are geared for
measurements of atom recombination that are
available from fusion research. In the current
LLNL experiments, sapphire microballoons
with a mixture of hydrogen, deuterium, and
tritium are used to produce atomic hydrogen via
tritium decay. These microballoons are 800 to
1000 microns in diameter and are produced by
General Atomics in San Diego, CA and EG&G
Mound Applied Technologies in Miamisburg,
Ohio. The balloons are placed in an Electron
Spin Resonance (ESR) machine or
photographed with cameras and other sensitive
optical instruments at LLNL to determine the
energy output from the recombination.
Sensitive thermoeouples also measure the heat
output from the re.combining atoms.
Figures 2(a) and 2(b) depict the H atom density
in parts per million versus storage time. These
measurement were made at LLNL. Figure 2(a)
shows the effect of low temperatures on the
storage density. At 1.3 K, the density was 7
times that at 5 K. It is clear from this data that
very low temperatures are needed for high
density storage.
Figure 2(b) illustrates the reduction in atom
storage density with the release of a heat spike.
Heat spikes, or heat releases, are produced by
recombination of hydrogen atoms that have
been stored in the solid matrix (Ref. 29). In
Figure 2Co), the variation of the number of
atoms stored before and after a heat spike is
described. The time of the energy release from
the recombination event is denoted by the black
triangles. Apparently, the solid matrix is able to
hold a specific amount of energy and then can
do no more to prevent atom recombination.
After the heat release occurs, the atom level
drops precipitously. During a period of
approximately 1000 to 7000 minutes, as
shown in Figure 2(b), the number of atoms
once again builds back to a high level because
of the constant beta decay source from the
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tritium. Once the storage density reaches
approximately 600 PPM, recombination occurs
again and the density of stored atoms drops
again.
Experiments have shown that the energy from
atom recombination is released in both heat and
light. Optical instruments are used to determine
the energy release mechanism. Light emission
from the recombination was scrutinized in the
ultraviolet, visible, and infrared at LLNL (Ref.
22). Figure 3 shows the relative intensity of
light energy released from H recombination
versus wavelength. The emission spectrum
ranges from 480 to 900 nanometers. A major
energy peak is centered near 800 nanometers in
the near infrared. There is currently no clear
understanding of the energy peak's
implications.
Several techniques have been used to determine
atom storage density and the resulting energy
storage ability of the H/H2 matrix.
Measurements of the number of electron spins,
or the number of unpaired atoms, are made
with ESR. There is a factor of nine to ten
discrepancy with ESR measurements and the
Nuclear Magnetic Resonance (NMR)
measurements (Refs. 26 to 29). The ESR
predicts that there will be a stored density of
0.1 to 0.2 percent H in H2. The energy
measured with NMR (Ref. 46), however,
implies that the stored mass of H is nine times
that of the ESR measurements. This 90 percent
discrepancy in the total amount of the energy is
being investigated in several ways. One of
these possibilities is that all of the missing or
discrepant energy is released as light..The
continuing research has not yet reconciled the
different theories of where the energy is stored
and how it is released.
These studies have very profound implications
for the use of atomic hydrogen in launch
vehicle propulsion. If a large amount of energy
emanates from the atom recombination as light,
it may frustrate any propulsion application. The
thermal energy of combustion (or, in this case,
atom recombination) is typically what heats the
propellant and drives a rocket engine. If the
energy cannot be extracted thermally, or in
some other controlled manner, atomic
hydrogen may not be a viable rocket propellant.
Atom recombination, with the consequent
production of the heat spikes and optical
flashes, occurs very quickly. The reaction
might be likened to an uncontrolled chemical
explosion. If this recombination can be
controlled, as we have certainly controlled the
combustion in a rocket engine, the result may
be an extremely high performance chemical
propulsion system.
Thoughts for the Future: Atomic Hydrogen
The preceding discussion reviewed research
results for .very-small-scale production and
storage of atomic hydrogen. To be practical for
rocket propulsion, the production rate and
storage capacity must improve dramatically.
Modern experiments use nanogram samples of
atomic hydrogen, whereas up to many
hundreds of tons may be required for each
launch from Earth to orbit (Ref. 7). The
propellant's practicality is based on achieving
the required storage density, reliable storage,
and propellant transfer, and delivering the
needed engine performance. Each of these
issues is discussed in this section.
Production
Three methods of producing atomic hydrogen
have been considered in the past. They are
tritium decay (Ref. 26), electron or other high-
energy beams (Ref. 16), and radiofrequency or
other glow discharge excitation (Ref. 17).
Tritium decay has been the method of choice
for most of the most-recent experiments with
atomic hydrogen (Ref. 26). This is because of
the existing facilities that readily produce it for
the DOE fusion program (Ref. 30). The
tritium decay process, reviewed in Ref. 30, is
very complex, with many different nuclear
particles being produced. Tritium radiation
from beta particle decay is a constant energy
source term. The decay process also damages
the surrounding matrix, further limiting the
capability of the solid to store the atoms. This
energy must be controlled and "shut off" to
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allow the atomic hydrogen to lie stably in its
solid matrix.
Since tritium's beta production cannot be
turned off, an alternate method of production
is required. The production directions for
atomic hydrogen will move away from the use
of tritium and employ high energy beams or
radiofrequency excitation. Electron beams or
other high-energy beams would deposit energy
into the molecular hydrogen, break them up
into atoms and make free radicals. Another
method, using radiofrequency excitation or
microwaves, allows the atoms to be formed
with a fairly minimal disturbance.
Other innovative methods of atomic hydrogen
production may include nanotechnology and
microlasers (Refs. 31 to 36). Nanotechnology
has already been applied to single-atom
manipulation (Ref. 31). Figure 4 illustrates the
relative size of a nanotechnology factory on a
microchip (Ref. 32). Nanometer-sized
machines might be used to lay down layers of
propellant matrix, building up the propellant
elements that would comprise the entire load
for a rocket stage. Microlasers might also be
used in producing atomic hydrogen (Refs. 34
to 36). These microscopic lasers are fabricated
on a silicon wafer and might be used to deposit
small bundles of energy onto a hydrogen plate,
creating the stored atoms. Formation of the
atomic hydrogen fuel would have to be closely
linked, physically, to the energy output of the
laser. This proximity may create unacceptable
thermal isolation problems and undesirable
disturbances of the atoms.
Stom_,e and Handlin_
Long term storage of atomic hydrogen is
required if it to be used for practical space
transportation. Long term storage of atomic
hydrogen can be expressed in terms of weeks
or months. Certainly, the dynamic nature of
this free radical will make extremely long-term
storage of months or years infeasible or
operationally undesirable.
A launch facility for atomic hydrogen-powered
vehicles might include high field,
superconducting magnets. A general
configuration for these magnets is given in
Figure 5 (Ref. 37). They were designed for a
proposed version of the Superconducting
Supercollider and a similar configuration might
be used for a launch system. The vehicle would
be surrounded by these magnets during
fueling. In fact, the magnets could be an
integral part of the ground storage and launch
support system. Conceptually, the propellant
tankage could alsobe the ground storagetank.
The vehiclewould then be assembled around
the building blocks of the tankage. Prior to
launch,themagnets and theirsupport structure
would be removed and the vehicle would be
freetoliftoff.The mass of the magnets, which
depends on the magnetic fieldstrength,could
make theirstructurevery massive. Thus, it
appears thatatomic hydrogen may be practical
foronly ETO vehiclesand upper stageswould
be severelypenalizedby the magnet mass. This
furthersupports the previous conclusion that
ETO propulsionisthemost likelycandidatefor
atomic hydrogen. Additional experimentation
should be ableto more accuratelyquantifythe
influenceofthemagnetic fieldon the storability
of atomic hydrogen and the magnet's influence
on launch operations.
To produce the highest possible engine Isp, the
molecular weight of the exhaust should be as
low as possible and the recombination
temperature should be very high. The matrix in
which the atoms are stored is therefore chosen
to provide the lowest practical molecular
weight. Because hydrogen has the lowest
molecular weight, choosing hydrogen for the
solid in the matrix will deliver the highest
rocket performance. However, hydrogen
currently has certain inherent storage density
limitations. It does, however, remain the most
likely matrix candidate. The propellant feed
system must provide a flow of a solid
cryogenic H/H 2 matrix from a propellant
storage tank to the rocket engine.
Transporting the propellant from the tank to the
rocket engine will be a major challenge. Past
studies (Ref. 6) have investigated the storage of
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the atomic hydrogen matrix as solid rods that
are insulated from one another. Each rod is
consumed to produce thrust. There are several
disadvantages to this method: heat flow to the
otherfuel elements, the very shortlifetimeof
the insulatorsin thisthermalenvironment, and
the relativelyunbridled fuelflow and thrust
created by the rapidly-recombining fuel.In
these previous designs, the rods had a
relativelythininsulatorbetween the fuelrods
(Ref. 6). Because the fuel recombines so
quickly, there may a very steep temperature
gradient near the fuel.The heat generated is
very intense and itisdifficulto insulatethe
remaining propellant rods from the high
temperatures.Thermally isolatingthe fuelrods
ispossible,of course,but themass and volume
of the required insulationwould be very high.
The Jet Propulsion Laboratory (JPL) is
continuing some of these feed system studies
with the AFPL (Refs. 38 and 39).
Small pellets are a likely avenue for
transporting the atomic hydrogen propellant
(Ref. 40 and 41). Such pellets are used
extensively in cryogenic fuel injection for
hydrogen-deuterium-tritium fusion reactors. A
two-phase flow system, in which a carrier fluid
transports the propellant pellets to the rocket
engine, may be required. A stream of liquid
helium could be used as a carrier fluid for the
pellets (Refs. 6, 38, and 39). The helium has a
higher molecular weight than H2 and therefore
will reduce the Isp. To obtain the maximal
performance, the helium should be removed
from the propellant flow and recirculated prior
to entering the engine. However, the method
of stripping the helium from the flow prior to
injection into the recombination chamber is not
clear. Another fluid may be chosen that more-
nearly matches the fluid properties of the solid
atomic hydrogen and hydrogen particles.
Liquid hydrogen with some dopant or additive
to lower its freezing point is a possibility.
If the helium carrier fluid were not removed,
the performance of the engine would be
reduced because the molecular weight of
helium is higher than hydrogen. However, the
overall propellant density would increase due to
the higher density of liquid helium over solid
hydrogen. A preliminary performance
assessment shows that the density of the
overall propellant increases to 111.2 from 88.0
kg/m3 and the engine Isp is reduced to 1132
from 1200 lbf-s/lbm. This analysis uses the
I-I/H2 loading of 61.5 percent and a helium-
H/H2 volume ratio of 1:1. This volume ratio
corresponds to a 1.421 mixture ratio. For the
engine analysis, the expansion ratio was 50:1
and the chamber pressure was 1000 psia.
Further analysis on the overall vehicle
performance and the masses of the helium-
hydrogen feed system are required to determine
the full effect of the helium addition over a
range of design conditions.
Another feed system consideration is the
physical size of the feed lines. Figure 6 shows
the line diameter and atomic hydrogen particle
flow rate versus the particle mass. This
analysis allows the determination of acceptable
line sizes for a feed system. In the figure, the
mass flow rate of H/H2 particles is 1340 kg/s
and the particles are suspended in a helium
carrier fluid. This mass flow rate is needed for
the first stage of an NLS (Isp = 750 lbt'-s/lbm,
Ref. 7).Using the figure, a parametric estimate
of the particle sizes and the associated line sizes
needed to support this flow rate is made. In
sizing the lines, a cylindrical H/I-I2 particle was
used. Its length to diameter ratio (L/D) was 1:1
and its density was 88.0 kg/m3. To carry the
particle, a solid to liquid volume fraction of 50
percent was used, based upon the flow
experience with slush hydrogen (Ref. 42). The
size of the feed line was calculated using:
df_d = (mpart * 80001 [lr * 0.088])1/3 (cm)
where dfeexi is the feed line diameter in cm and
mp_t is the particle mass in kg.
For a particle size of 148 kg, the line diameter
is 162 cm. To support the 1340-kg/s flow rate
needed, approximately nine of these particles
must enter the recombination chamber per
second. This design seems impractical and it
therefore appears that the larger pellet sizes will
not be suitable for atomic hydrogen vehicles.
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Smaller, millimeter-sized pellets would
potentially allow easier storage and delivery to
the recombination chamber.
Other options are to use the propellant in a semi-
monofithic mass similar to a solid rocket motor
(Ref. 6). Figure 7 describes H propellant
stored with layers of insulators between the
propellant elements. Rather than having the
insulators parallel to the flow field (Ref. 6),
they would be perpendicular as shown in
Figure 7. This idea is similar to solid rocket
motor throttling concepts considered in the past
(Ref. 43). The only propellant that would be
consumed would be that needed for the
individual impulses. A pulsatile thrust might be
feasible for large throat engines and high
length-to-diameter (L/D) vehicles. The high
L/D may ease some of the problems of
propellant feed by minimizing turns and other
necessary obstructions in the feed system.
Propellant in this high I3D case might be laid
down in thin layers to improve the production
and storability of the free radicals. This of
course would also lend itself to segregating the
propellant elements.
Engine Performance
Engine performance simulations were
conducted using a one-dimensional rocket
performance code (Ref. 44). These
simulations include both equilibrium flows and
the losses due to a frozen flow assumption.
Wall recombination losses, which are
discussed below, were not included. Two
chamber pressures and a wide range of atomic
hydrogen loadings have been analyzed.
Figures 8 and 9 depict the engine Isp versus H
loading in H2 for 30- and 1000-psia chamber
pressures. The H loading in H2 ranges from 0
to 100 percent. An expansion ratio of 50:1 was
selected for the launch vehicle design. The
engine design parameters for two cases are
presented in Table L
The figures show that the equilibrium and the
frozen flow performance are similar for H
loadings below 20 percent. Above this level,
the frozen flow assumption is very important to
consider because significant errors in the
performance prediction can occur at high H
loadings.
Another potentially serious issue is the ability
to contain rocket chamber and nozzle flows of
atomic hydrogen. Based on initial testing
conducted at NASA Lewis and Michigan State
University (Refs. 5, 45 and 47), during a f'Lring
of helium and nitrogen free-radicals in a
thruster test, the engine walls would absorb a
large fraction of the atoms if the engine
pressure were very low: several torr. This
migration to the walls occurred because the
collisional frequency is low at low pressure.
Recombination at higher pressures (one or
several atmospheres) would alleviate this
problem. The testing was conducted with a
microwave plasma thruster (Refs. 47 and 48).
The higher pressure allowed the plasma and the
recombination zone to be restricted to a region
in the chamber and a relatively cool thin
boundary layer separated the plasma from the
walls (Ref. 47).
Table I
Atomic Hydrogen Engine Performance
Parameters
H Loading (%) 15.4 61.5
Isp (lbf-s/]bn0* 750 1200
Chamber Pressure (psi) 1000 1000
Expansion Ratio 50 50
Molecular Weight, exit 2.016 1.621
Chamber Temperature (K) 2189 4639
Cf (e = 50:1) 1.711 1.699
* Isp efficiency = 0.9387
In Ref. 7, preliminary engine performance
estimates were provided based on simple ideal
gas assumptions. Higher fidelity Isp values,
including frozen flow effects, are presented in
this paper. At atomic hydrogen loadings above
20 percent, the effects of frozen flow seriously
degrade the engine performance. Past
predictions have not taken the frozen flow
assumption into consideration and have
predicted an atomic hydrogen engine Isp of up
•
to 2150 lbf-s/lbm (Refs. 4 and 6). Including
these frozen flow losses, a more reasonable
upper limit of 1500 lbf-s/lbm is obtained. This
limit, however, will be difficult or impractical
to attain; a fuel composed of 100-percent
atomic hydrogen would be needed. Currently,
it is difficult to conceive of storing atomic
hydrogen, that is useful for rocket propulsion,
without some sort of matrix. The Isp value of
750 lbf-s/lbm appears to be a more attainable
goal, only requiting an H storage density of 15
percent.
Figure I0 de.scribesthe influenceof the engine
Ispon GLOW. The data for the NLS and the
atomic hydrogen vehicledesignareprovided in
Reference 7. Based on the improved engine
simulations,the GLOW of a 600-1be-s/Ibmand
a 1200-1bf-s/lbm ,,,chicle was estimated. These
Isp values correspond to 10 percent and 61.5
percent H in H2, respectively. The 600-1bf-
s/Ibm engine was able to reduce the GLOW by
10.3 percent, whereas the 1200-1bf-s/lbm
vehicle enabled a 78 percent GLOW reduction.
The 120()-lbf-s/lbm performance level is able to
nearly achieve the 82.7-percent GLOW
reduction that is possible with a 1500-1b f-s/Ibm
Isp. Even with only an Isp of 750-1bf-s/lbm, a
reduction in GLOW of 51.7 percent is
possible.
Atom loadings below I0 percent were not
attractivefor propulsion.At a 5 percent level,
the Isp produced was comparable to the 430-1br
s/Ibm NLS O2/H2 engines. With all of the
added complexity and relatively-high dry
weight for the storage of atomic hydrogen, the
overall vehicle performance would be poorer
than using traditional 02[[-I2 propulsion.
An alternative method of improving the launch
system is to fly a higher payload mass per
flight. In this analysis, the GLOW is a constant
value of 1,891,500 kg and the baseline payload
is 96,000 kg. A payload increase of 14 percent
is enabled with the 600-1be-s/Ibm performance
level and with 750 lbf-s/lbm, the payload
increase is 131 percent.
Concluding, Remarks
Atomic hydrogen propellant may provide a
large increase in vehicle performance over
conventional chemically-based systems. This
performance increase is, however, dependent
upon significant increases in storage density of
hydrogen atoms in a solid hydrogen storage
matrix. Currently, only a 1- to 2-percent
storage density is achievable with atomic
hydrogen. A 15 percent level will make the
propellant very attractive for Earth-to-Orbit
propulsion if solutions to the severe storage
and feed system difficulties are found.
Currently, the theoretical atomic hydrogen
storage limit is 5 percent. This low value is
inadequate to deliver any payload performance
advantage versus O2/H2-powered vehicles. A
10-percent level will deliver an Isp of 600 lbr
s/Ibm, and allow a significant payload increase
of 14 percent, but at a 15.4 percent, the Isp
produced is 750 lbf-s/lbm and enables a 131-
percent payload increase or a 51.7-percent
GLOW reduction. Though higher atomic
hydrogen storage densities will theoretically
produce a higher Isp, it may be impractical to
store hydrogen atoms at a density any higher
than 15 to 20 percent. Future work should
focus on delivering at least this level of stored
atoms.
Production and storage research has shown a
trend toward higher densities over the last
several decades and the predicted density is
becoming more-closely aligned with the
experimental data. It is not clear, however, that
the trend will continue to improve or whether
we have reached a true limit of atom storage.
Improved techniques in atom storage are being
investigated. Only by continuing to pursue
these teelmiques earl we hope to answer the
questions about the ultimate limit of atom
storage density.
Currently, the energy emitted from the
recombination of atomic hydrogen is both
optical (ultraviolet, visible and infrared light)
and thermal. There isapproximately 10 times
more energy measured using NMR than using
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ESR. It is also not clear how much of the
energy is released as light and how much as
heat. This distribution of the energy release is
not fully understood and could be a major
barrier to using atomic hydrogen as a rocket
propellant.
Producing large quantifies of atomic hydrogen
is another major stumbling block. Current
methods of production for research samples
make about one nanogram of atoms. For an
NLS-type vehicle, delivering 96 tons to LEO,
over 441 tons of propellant is needed for the
In'st stage and 153 tons for the second stage.
There are many questions that would need to be
answered before such large facilities for
producing many hundreds of tons of atomic
hydrogen would be practicaL
Improving the storage life of hydrogen atoms
may be possible with very high field magnets
of tens of Tesla. These magnets will be very
massive and they must be an integral of the
production and launch facility. Combining the
production tank, with its associated magnets,
and the actual launch vehicle stages may be one
way of minimizing the losses due to
recombination during production and later
transport of the propellants.
Recombination of hydrogen atoms occurs very
quicHy and there is tittle control of this reaction
unless the atoms are extremely cold: 2 to 4 K.
Maintaining this temperature while trans-
porting the propellant through an operational
propulsion system will not be easy. During the
operation of the engine, large flows of
cryogenic particles will be needed without there
being any recombination of the atoms within or
between those particles. The aspects of feed
systems and engine performance are, therefore,
serious design challenges. Feeding propellant
elements to the recombination chamber will be
very difficult unless a creative solution to
handling those particles can be developed.
Engine performance is heavily dependent upon
the stored atom density. At a storage level
above 15.4 percent, the I=p of the atomic
hydrogen engine can be greater than 750 lbf-
s/Ibm and produce either very large reductions
in launch vehicle GLOW or large increases in
the payload delivered to LEO. Great savings
are possible at 1200 and 1500 lbf-s/lbm: up to
78 and 82.7 percent GLOW reduction,
respectively.
There are now difficulties in stably storing
atomic hydrogen, feeding it to a rocket engine
and producing highly efficient engine
performance. The potential, however, is great.
Investments in free-radical propulsion may also
pay off in other lower Isp applications. Thus
even if the full potential of atomic hydrogen is
not realized, there may be an extremely useful
product in ground-based energy storage,
propulsion or other related technologies.
Acknowledgement
I'd like to thank Gerald Marfoe of the
University of Auburn for his assistance on the
simulations of atomic hydrogen engine
performance and feed system line sizing.
References
1) Zwicky, F., "Chemical Kinetics and Jet
Propulsion," Chemical and Engineering
News, Volume 28, Number 3, pp. 156-
158, January 16, 1950.
2) Zwicky, F., "Propellant for Tomorrow's
Rockets," Astronautics, Volume 2, pp.
45-49, August 1957.
3) Bass, A. and Brodia, H. (editors),
Formation and Trapping of Free
Radicals, National Bureau of Standards,
Academic Press, Inc., New York, 1960.
4) Rosen, G., "Manufacture and
Deflagration of an Atomic Hydrogen
Propellant," AIAA Journal, Volume 12,
Number 10, pp. 1325-1330, October
1974.
5) Hawkins, C., et al., "Free Radical
Propulsion Concept," AIAA Paper
81-0676, presented at the
AIAA/JSASS/DGLR 15th International
Electric Propulsion Conference, Las
10
6)
7)
8)
9)
10)
11)
12)
13)
14)
Vegas, NV, April 21-23, 1981.
Frisbee, R., "Ultra High Performance
Propulsion for Planetary Spacecraft:
FY'83 Final Report," Jet Propulsion
Laboratory, JPL D-1194, December
1983.
Palaszewski, B., "Atomic Hydrogen As
A Launch Vehicle Propellant," NASA
Lewis Research Center, AIAA Paper 90-
0715, presented at the 28th AIAA
Aerospace Science Meeting, January 8-
11, 1990.
Cordormier, M. (editor),
the High Energy Density_ Matter (HEDM)
Conference, U.S. Air Force Phillips
Laboratory Document PL-CP-91-3003,
October 1991.
Brodia, H. and Pellam, J.,
"Phosphorescence of Atoms and
Molecules of Solid Nitrogen at 4.2 K,"
Phys. Rev., Volume 95, pp. 845-846,
1954.
Golden, S., "Free Radical Stabilization in
Condensed Phases," Journal of Chemical
Physics, Volume 29, Number 1, pp. 61-
71, July 1958.
Wall, L., et al., "Atoms and Free
Radicals By Gamma Radiation At 4.2
K," Journal of Phys. Chem., Volume 63,
pp. 1762-1769, October 1959.
Jackson, J. and Montroll, E., "Free
Radical Statistics," Journal of Chemical
Physics, Volume 28, Number 6, pp.
1101-1109, June 1958.
Jackson, J., "Dynamic Stability of
Frozen Radicals: I. Description and
Application of the Model," Journal of
Chemical Physics, Volume 31, Number
1, pp. 154-157, July 1959.
Jackson, J., "Dynamic Stability of
Frozen Radicals: II. The Formal Theory
of the Model," Journal of Chemical
15)
16)
17)
18)
19)
20)
21)
Physics, Volume 31, Number 3,
September 1959.
Sharnoff, M. and Pound, R., "Magnetic
Resonance Studies of Unpaired Atoms in
Solid D2," Physical Review, Volume
132, Number 2, pp. 1003-1022,
November 1, 1963.
Leach, R., "A Pararnagnetie Resonance
Study of Hydrogen Atom Production and
Recombination In Solid H2 From 1.4 To
8 K," Doctoral Thesis, University of
Wisconsin, 1972.
Hess, R., "Studies on the Stabilization of
Atomic Hydrogen By Means of Low
Temperatures and Strong Magnetic
Fields," Doctoral Thesis from the
University of Stuttgart (1971), NASA
Technical Translation TT F-14123,
March 1972.
Webeler, R., "Behavior of Atomic
Hydrogen in Solid H2 From 0.2 to 0.8
K," The Journal of Chemical Physics,
Volume 64, Number 5, pp. 2253-2254,
March 1, 1976.
Rosen, G., et al, "Are Large
Concentrations of Atomic H Storable in
Tritium-Impregnated Solid in H2 Below
0.10 K?," Lettere al Cimento, Volume
26, Series 2, pp. 579-585, December 22,
1979.
Silvera, I., "The Solid Molecular
Hydrogens in the Condensed Phase:
Fundamental and Static Properties,"
Reviews of Modern Physics, Volume 52,
Number 2, Part I, pp. 393-452, April
1980.
Hardy, W., et al., "Magnetic Resonance
Studies of Gaseous Atomic Hydrogen
Confined at 1 K and Zero Magnetic
Field," Physical Review Letters, Volume
45, Number 6, pp. 453-456, August 11,
1980.
22) Magnotta, F., et al., "Optical and
11
23)
24)
25)
26)
27)
28)
29)
Thermal Energy Discharge From Tritiated
Solid Hydrogen," in Proceedings of the
High Energy Density Matter (HED_
Conference, U.S. Air Force Phillips
Laboratory, PL-CP-91-3003, October
1991.
Fajardo, M., "Metal Atoms in Solid Rare
Gases," in Proeeedin2s of the High
Enert, v Density lVlatter (HEDM)
.C.,.0.11,_Wdl._ U.S. Air Force Phillips
Laboratory, PL-CP-91-3003, October
1991.
30)
31)
Fajardo, M., et al., "Metal Doped 32)
Matrices Working Group," U.S. Air
Force Phillips Laboratory, presented at
NASA OAST Third Annual Advanced
Propulsion Workshop, held at the Jet 33)
Propulsion Laboratory, January 30,
1992.
Gordon, E., et al., "Impu_y-Helium
Van Der Waals Crystals," Chemical
Physical Letters, Volume 155, Number
3, pp. 301-304, March 3,1989.
Gaines, J. R., "Energy Storage in Solid
Molecular Hydrogen Due to Trapped
Atoms," in Proceedings of the High
Energy Density_ Matter (2onference, U.S.
Air Force Astronautics Laboratory
Document AL-CP-89-002, July 1989.
Gaines, J., et al., "Modeling Studies of
Atom Production, Recombination and
Storage in Solid Hydrogen," in
Proceedings of the High Enert, v Density
Matter (_onferenee, Air- Forc-e
Astronautics Laboratory Document AL-
CP-91-3003, October 1991.
Gaines, J., "Studies of the Thermal and
Optical Responses of H Atoms in Solid
H2," Proposals to NASA Lewis Research
Center, 1989, 1990 and 1991, also
personal communications, 1991.
Collins, G., et al., "Triggered Energy
Releases in Solid Hydrogen Hosts
Containing Unpaired Atoms," Physical
34)
35)
36)
37)
38)
Review Letters, Volume 65, Number 4,
pp. 444-447, July 23, 1990.
Souers, C., Hydrogen Pronerties for
_, University ot_Califomia
Press, Berkeley, CA, 1986.
Drexler, E., "Molecular Engineering: An
Approach to the Development of General
Capabilities for Molecular Manipulation,"
Proceedings of the National Academy of
Sciences, Volume 78, Number 9, pp.
5275-5278, September 1981.
Drexler, E., et al., Unboundin_ the
Future: The Nanotechnolo_v Revolution,
Vv
William Morrow and Co., 1991.
Drexler, E., En2ines of Creation: The
Comin_ Era -of Nanotechnology,
Doubleday, 1986.
Jewell, J., et al., "Vertical-Cavity Sur-
face-Emitting Lasers: Design, Growth,
Fabrication, Characterization," IEEE
Journal of Quantum Electronics, Volume
27, Number 6, pp. 1332-1346, June
1991.
Jewell, J., et al., "Microlasers,"
Scientific American, pp. 86-94, Novem-
ber 1991.
Corcoran, E., "Diminishing Dimen-
sions," Scientific American, pp. 123-
131, November 1990.
Dresner, L., "Report on the Analysis of
the Large Propagation Velocities
Observed in the Full-Length SSC
Dipoles," Oak Ridge National
Laboratory, Under Purchase Order SSC-
90-W-01041-MOD-003 from the
Superconducting Supercollider Labor-
atory, Contract Number DE-AC05-
84OR21400, September 1990.
Frisbee, R., Jet Propulsion Laboratory,
Personal Communication, November
1992.
12
39)
40)
Frisbee, R., "System-Level Implications
of High Energy Density Matter (HEDM)
Propulsion Concepts," Jet Propulsion
Laboratory, presented at the Solid
Hydrogen Workshop, University of
Hawaii at Manoa, March 25-27, 1992.
Gilliard, R., "Spherical Hydrogen Pellet
Generator for Magnetic Confinement
Fusion Research," Review of Scientific
Instruments, Volume 52, Number 2,
pages 183-190, February 1981.
41) Foster, C., et al., "Solid Hydrogen Pellet
Injection Into the ORMAK Tokamak,"
Nuclear Fusion, Volume 17, Number 5,
pp. 1067-1074, 1977.
42) Hardy, T., "FLUSH: A Tool for the
Design of Slush Hydrogen Flow
Systems," NASA Lewis Research
Center, NASA TM-102467, 1990.
43)
44)
45)
46)
47)
Klemetson, R. and Dowler, W., "STS
Applications Study Report- Stop/Restart
Solid Rocket Propellant Rocket Motors,"
Jet Propulsion Laboratory, Document
Number 900-767, February 1977.
Gordon, S. and McBride, B., "Computer
Program for Calculation of Complex
Chemical Equilibrium Compositions,
Rocket Performance, Incident and
Reflected Shocks and, and Chapman-
Joguet Detonations," NASA Lewis
Research Center, SP-273, Interim
Revision, March 1976.
Byers, D., Chief, Low Thrust Propulsion
Branch, NASA Lewis Research Center,
personal communication, 1992.
Gaines, J., et al., "Inference of High
Atom Densities in Solid Tritium from
Nuclear Magnetic Resonance
Measurements," Physical Review Letters,
Volume 59, Number 5, pp. 563-566,
August 3, 1987.
Nakanishi, S., Analex Corporation,
Cleveland, OH, personal communication,
48)
December 1992.
Chapman, R., et al., "Microwave Plasma
Generation of Hydrogen Atoms for
Rocket Propulsion," AIAA 81-0675,
AIAA/JSASS/DGLR 15th International
Electric Propulsion Conference, April
1981.
13
1)
2)
3)
4)
5)
6)
7)
s)
9)
10)
11)
12)
13)
14)
15)
Aono, M., "Has Japan Begun to Move Toward Atomic Level Material Manufacturing?," Sdence,
Volume 258, pp. 586-587, October 23, 1992.
Bardsley, J., et al., "Dissociative Attachment and Vibrational Excitation in Low-Energy Collisions
of Electrons With H2 and D2," Physical Review B, Volume 20, Number 4, pp. 1398-1405,
October 1979.
Cao, Y., et al., "Ortho-to-Para Conversion in Solid Tritium: I. Theoretical Models," Physical
Review B, Volume 37, Number 4, pp. 1474-1481, February 1, 1988.
Chapman, R., et ai., "Microwave Plasma Generation of Hydrogen Atoms for Rocket Propulsion,"
AIAA 81-0675, AIAA/JSASS/DGLR 15th International Electric Propulsion Conference, April
1981.
Collins, G., et al., "Enhancing Atom Densities in Solid Hydrogen By Isotopic Substitution," in
Proceedings of the High Energy Density Matter Conference, Air Force Astronautics LaboratOry
Document AL-CP-91-3003, October 1991.
Collins, G., et al., "Atomic Hydrogen Concentrations in Solid D-T and T2," Physical Review B:
Condensed Matter, Third Series, Volume 45, Number 2, pp. 549-556, January I, 1992.
Davis, L., et al. (editors), Proceedings of the High Energy Density Materials Contractors
Conference, Air Force Office of Scientific Research Docunaent, no number, May 1990.
Davis, L., et al. (editors), Proceedings of the.Air Force High Energy Density Materials Conuactors
Conference, Air Force Office of Scientific Research Document, no number, May 27, 1988.
Drabold, D., "Dipolar Broadening in Magnetically Diluted Lattices," Physical Review B, Volume
37, Number 7, pp. 3440-3447, March 1, 1988.
Gaines, J., et al., "Inference of High Atom Densities in Solid Tritium from Nuclear Magnetic
Resonance Measurements," Physical Review Letters, Volume 39, Number 5, pp. 563-566, August
3, 1987.
Garrison, P., et al., "Ultra High Performance Propulsion for Planetary Spacecraft: FY'81 F'mal
Report," Jet Propulsion Laboratory, JPL D-2123, January 1982.
Gordon, E., et al., "Thermal Stability of Condensed Systems That Contain Trapped Atoms,"
Soviet Physics JETP, Volume 46, Number 3, pp. 502-507, September 1977.
Gordon, E., et al., "Hydrogen and Deuterium Atoms, Stabilized by Condensation of an Atomic
Beam in Superfluid Helium," JETP Letters, Volume 37, Number 5, pp. 282-285, March 5, 1983.
Gordon, E., et al., "EPR Study of Atoms Trapped in Superfluid Helium: II. Spectra of Hydrogen
and Deuterium Atoms," Soviet Journal of Low Temperature Physics, Volume 11, Number 6, pp.
307-311, pp. 35-41, June 1985.
Gordon, E., et al., "ESR Study of Atoms Trapped in Superfluid Helium: I. Technique. ESR
Spectra of Nitrogen Atoms," Soviet Journal of Low Temperature Physics, Volume 8, Nmnber 6,
14
16)
17)
18)
19)
20)
21)
22)
23)
24)
25)
26)
27)
28)
29)
30)
pp. 299-302, June 1982.
Gordon, E., et al., "Active Nitrogen Luminescence Studies at Liquid Helium Temperatures,"
Chemical Physics, Volume 61, pp. 35-41, 1981.
Gray, K. (editor), "Non-Equih'ixium Superconductivity, Phonons and Kapitza Boundaries" based on
the proceedings of the NATO Advanced Study Institute Meeting, Series B, Physics; Volume 65,
Plenum Press, New York, 1981.
Heinlein, R., The Rolling Stones, Ballantine Books - A Division of Random House, New York,
1952.
Hess, H., et al., "Observation of Three-Body Recombination in Spin-Polarized Hydrogen,"
Physical Review Letters, Volume 51, Number 6, pp. 483-486, August 8, 1983.
Hess, R., Atomic Hydrogen Stabilization of By High Magnetic Fields and Low Temperatures,"
Advances in Cryogenic En_ineerinm Volume 18, pp. 427-434, 1973.
]ones, J., et al., "Characterization of Hydrogen Atom Systems," Aerouutronic Systems, Inc.,
Subsidiary of Ford Motor Company, Publication U-216, Office of Naval Research Contract
Number Nour-2361(00), Task 092-343, June 30, 1958.
Kelley, J., "Free Radicals, Electronic Metastables, and Other Energetic Molecules as Potential
Rocket Propellants, McDonnell Douglas Research Laboratories, AIAA 88-3172,
AIAAIASME/SAFJASEE 24th Joint Propulsion Conference, July 1988.
Kunc, J., et al., "Radiation of Hot Atomic Hydrogen," University of Southern California, AIAA
Paper 89-2598, AIAA]ASME/SAEJASEE 25th Joint Propulsion Conference, Monterey, CA,
July 10-12, 1989.
Leonas, V., "Experiments With Cold Hydrogen Atoms, Soviet Physics Usp., Volume 24, pp. 318-
330, 1981.
Lo, R., et al., "Propellant Trends in Advanced Rocket Propulsion," Proceedings of the 2nd
European Aerospace Conference on Progress in Space Transportation, ESA SP-293, August 1989.
Mapoles, E., et al., "Optical Pulses in Tritiated Solid Hydrogen," Physical Review B, Volume
412 Number 16, pp. 11653-11656, June 1, 1990.
Matthey, A., et al., "Measurements of Pressure of Gaseous H: Adsorption Energies and Surface
Recombination Rates on Helium," Physical Review Letters, Volume 46, Number 10, pp. 668-
671, March 9, 1981.
McCarty, R., et al., "Selected Properties of Hydrogen (Engineering Design Data), National Bureau
of Standards Monograph 168, February 1981.
Morrow, M., et al., "Zero-Field Hyperfin¢ Resonance of Atomic Hydrogen for 0.18<T<IK: The
Binding Energy of H on Liquid 4He," Physical Review Letters, Volume 46, Number 3, pp. 195-
198, January 19, 1981.
Palmer, H., "Burning Rate of an H-Atom PropellanL'" ARS Journal, Volume 29, pp. 365-366,
15
31)
32)
33)
34)
35)
36)
37)
3s)
39)
40)
41)
42)
43)
44)
45)
May 1959.
Phillips, W., et al., "Electromagnetic Manipulation of Atomic Hydrogen," in Proceedings of the
Cooling. Condensation and Storage of Hydrogen Cluster Ions WoAsho9. Dayton University, pp.
159-164, December 1987.
Poole, H., "Atomic Hydrogen: I - The Calorimetry of Hydrogen Atoms," Prec. Roy. Soc.
(London), A163, pp. 404-414, 1937.
Poole, H., "Atomic Hydrogen: n - Surface effects in the Discharge Tube," Proc. Roy. Soc.
(London), A163, pp. 415-423, 1937.
Poole, H., "Atomic Hydrogen: III- The Energy Efficiency of Atom Production in a Glow
Discharge," Proc. Roy. Soc. (London), A163, pp. 424-454, 1937.
Rosen, G., "Phenomenological Rate Process Theory for"the Storage of Atomic Hydrogen in Solid
H2," Lettere al Nuovo Cimento, Series 2, Volume 17, pp. 437-438, November 27, 1976.
Rosen, G., "Storage and Recombination of Atomic H in Solid H2," Journal of Chemical Physics,
Volume 65, Number 5, pp. 1735-1740, September 1, 1976.
Rosen, G., "Upper Bound on the Equilibrium Concentration of Atomic H in Solid H2," Physics
Letters, Volume 61A Number 1, pp. 63-64, April 4, 1977.
Rosen, G., "Stability of the Equilibrium for Atomic H in Solid H2," Journal of Chemical
Physics, Volume 66, Number 12, pp. 5423-5427, June 15, 1977.
Rosen, G., "Requisite Temperatures for the Stabilization of Atomic H in Solid H2,'" AIAA
Journal, Volume 16, Number 1, pp. 91, January 1978.
Rosen, G., "Nonlinear Heat Conduction in Solid Hydrogen," Physical Review B, Volume 19,
Number 4, pp. 2398-2399, February 15, 1979.
Rosen, G., "Relaxation Times for Nonlinear Heat Conduction in Solid Hydrogen," Physical
Review B, Volume 23, Number 6, pp. 3093-3094, March 15, 1981.
Sater, J., et al., "Ortho-to-Para Conversion in Solid Tritium: II. Experimental Values," Physical
Review B, Volume 37, Number 4, pp. 1482-1491, February 1, 1988.
Schelier, K., et al., 'Tree Radicals As Fuels," Aeronautical Research Laboratory, Wright Air
Development Center (WADC) Technical Note, 56-538, Armed Services Technical Information
Agency (ASTIA)Document Numbe_ 118101, February 1957.
Shaw, T., "Dissociation of Hydrogen in a Microwave Discharge," Journal Chem. Phys., Volume
30, pp. 1366-1367, 1959
Silver& I., et al., "Spin-Polarized Atomic Deuterium: Stabilization, Limitations on Density, and
Adsorption Energy on Helium," Physical Review Letters, Volume 45, Number 15, pp. 1268-
1271, October 13, 1980.
16
46)
47)
48)
49)
5O
51)
52)
53)
54)
55)
56)
57)
58)
59)
60)
Silvera, I., et al., "Atomic Hydrogen in Contact with a Helium Surface: Bose Condensation,
Adsorption Isotherms, and Stability," Physical Review Letters, Volume 45, Number 11, pp. 915-
918, September 15, 1980.
Silvera, I., et al., "Stabilization of Atomic Hydrogen at Low Temperature" Physical Review
Letters, Volume 45, Number 3, pp. 164-171, January 21, 1980.
Silvera, I., "Magnetic Field Dependence of Resonance Recombination in Spin Polarized Atomic
Hydrogen," Physical Review B, Volume 37, Number 4, pp. 1520-1524, February 1, 1988.
Sprik, R., et al., "State-Dependent Recombination and Suppressed Nuclear Relaxation in Atomic
Hydrogen," Physical Review Letters, Volume 49, Number 2, pp. 153-157, Jdy 12, 1982.
Sprik, R., et al., "Compression of Spin-Polarized Hydrogen to High Density," Physical Review
Letters, Volume 51, Number 6, pp. 479-482, August 8, 1983.
Statt, B., et al., "Theory of Spin Relaxation and Recombination in Spin-Polarized Atomic
Hydrogen," Physical Review Letters, Volume 45, Number 26, pp. 2105-2109, December 29,
1980.
Stwalley, W., et al., "Survey of Potential Novel High Energy Content Metastable Materials," in
Proceedings of the High Energy Density Matter Conference, Air Force Astronautics Laboratory
Document AL-CP-91-3003, October 1991.
Thierschmann, M., "SSTO Applications Based on Super High Energy Propulsion Systems," IAF
89-271, 1989.
Vause, C., "Kinetics of Hydrogen Atcxn Storage in Condensed Hydrogen: Theory," in _gs
of the High Energy Density Matter Conference, Air Force Astronautics Laboratory Document AL-
CP-91-3003, October 1991.
Vinetskii, V., er al., "The Kinetics of Formation and the Parameters of Radiation Defect Clusters
in Silicon," Radiation Effects, Volume 30, pp. 227-232, 1976.
Walraven, J., "Magnetic Equation of State of a Gas of Spin-Polarized Atomic Hydrogen" Physical
Review Letters, Volume 45, Number 6, pp. 449-452, August 11, 1980.
Woollam, J., "Atomic Hydrogen Storage," U.S. Patent 4,193,827, March 18, 1980.
Zeleznik, F., "Generation of Atomic Hydrogen in a Hydrogen Matrix by Tritium Decay," Journal
of Chemical Physics, Volume 65, Number 11, pp. 4492-4496, December 1976.
"Rocketship X-M," Lippert Productions, Inc., 1950.
"A Supercold State of Matter," Science 81, Volume 2, Number 2, pp. 10, March 1981.
17
o
m=.
Zc
ILI_
O..
rrc
ao
Z
O
<
HISTORY OF ATOMIC HYDROGEN STORAGE
100
0.01
10-4
1940
................ J " " | _ ! .... s ! ....
.... ,_...._.,. ..... ..... _ .... _.....
.................t' ..........._1..................t_ .............................l ei......................................i
t ,,_ _ i
r I t 0 _ :
....................i ............._, _,,.... _--,..,,.,.i.m ................._........................................
! oi i i
• _ i t t
l alF ;
i i ! i J ;
.................._ ................._ ................+ ..............._..............i@ _ i z
i .... i .... f ..!,,.
1950
o F_.XI_-LOWI_I._
I'I'_'l"___)]P_i_J_4_][,_
.... _p=12_lbr_ _
_ _p=7_lbr_b m
1960 1970 1980 1990 2000 2010
YEAR
Figure 1. History of Atomic Hydrogen Storage Density
18
300 (a)
200
i100
0
0 500 1000 1500
TIME (rain)
800
6O0
400
2OO
0
0 5000 10000
TIME (rain)
(a) ESR measurements of the T-atom concentration
(in parts per 106) in D-T at three different temperatures: (o)
5.1, (Z_) 4.1, and (o) 3.1 K. (b) The effect of thermal spikes
(A) on the total D-atom concentration (Z_) as seen by ESR. in
solid D_ containing 2% tritium held at !.3 K. These spikes
were not intentionally triggered.
Figure 2. Atomic Hydrogen Storage Density vs. Time (Ref. 29)
19
7:1 3HaD m (D->&) He (31 ->2'P)
lie (£-:,'b)
i!o j ii/_,,_7_, /[ _ 2
_.__.,;_ _ ;_e_.__.,j_ _,s. >2,p ) x
• • • r I " " " " l • " " " I " " ' " l • • • • I " • • • I '' | " ' I w
4eo 530 580 6:)0 650 730 780 a30 s80
Wavelength (nm)
Figure 3. Atomic Hydrogen _binalioe Specmen - 800 nm Peak Energy (Rcf. 22)
Figure 4. Nanotechnology Example - Microchip-Sized Factory (Re£ 32)
2O
UPPER
LEFT
POLE
I
LAYER
UPPER
RIOHT
LAYER
MIOPLANE
TURN 1
LOWER
LEFT
BORE
TUBE WEDGE
tURN 16
Figure 5. High Field Magnet Configuration (Ref. 37)
LOWER •
RIGHT
A
E
Bm
o
o
E
_a
a
o
_=
-I
107
10 o
105
104
10 s
10 =
101
100
,001
Mass Flow ffi 1340 kg/s
Line Diameter
• n,l-,m, Partlcles/s
10 7
10 6
10 s
:10 4
,10 s
.01 .1 1
I0 °
10 100 1000
Particle Mass (kg)
Figure 6. Atomic Hydrogen Particle Feed System Sizing
-r
o
o
21
Propellant "Element"
Enters Recombination Chamber
Figure 7. Atomic Hydrogen Propellant Elements: Conceptual Configuration
1800
Pc ffi 30 psla
"_ i i I i
.o i I •
1 6 0 0 .............................! ..................J .........................i...... . . . ...... . . . ....! . ...... . . . ...... . . ..
l ! i i J_
--_"1400 ............................i .....J-........... ........! ....._ ..............!
12 00 .............................., .....................i ":"_""i
-lOOO..........................i............ _ ......._ ........................
_o i/_i . i ; 4
U. _1 ]--- Ae/At ,, 50, Equilibrium I
,,R 800.....................7_-1-- A_t.,. _,oz.,, !
j : ieoo• ., t f . s ]
0 20 40 60 80 100
Atomic Hydrogen in HIH 2 (%)
Figure 8. Atomic Hydrogen Engine Performance: Pc = 30 psia
22
P =1000 psla
o
A 1800
E 16oo........................................................i..........
1400 ............................_ ......................t .........._ ...............
4onn i i/ ! _ _ i '
-- 1000 ............................i_ ....................
[ _-- AelAt ='50_quilibrlum I
800 ....................._""----A_t = 50, F_zen I
soo , , i i _i i t
0 20 40 60 80 100
Atomic Hydrogen in H/H 2 (%)
Figure 3. Atomic Hydrogen Engine Performance: Pc = 1000 psia
A
2OOO
15oo
1000
: 500
0
m
.J
ffl
0
96,000-kg PAYLOAD
[] PROPULSION
[] PAYLOAD
I I
////. . ////t ///// I/////!
o _ o
_l in o
II II II
es
W O. Q.
mum
4: 4: 4:
PROPULSION TECHNOLOGY
Figure 10. Launch Vehicle GLOW for 96,000 kg Payload: NLS and Atomic Hydrogen
23
Form Approved
REPORT DOCUMENTATION PAGE OMaNo.070.0188
Publ_ rlqx_Ing bufdWt for th_ c_lectlon _ informalk_ II ee41mMed to average I hour per maporMte. Inofudlno tho tlme fee ro_idng InarucUons, Im_ _d_ dala m_urcas,
gathering and ma_nmk'_k_ me d=ta needed, and completing and revtewtng the coleOlon ol Info_natlon. Send commento mgwding this txxdm _trmatl o( any other aspect of this
of Infocmatkon. _ suggestion| for reducing th_ bus'den, to Washington H_ Sefvlcel, Dklctorato I_' Inl_rmaUon Ol_mUoret and Refx_to, 1215 Jefferson
Ditv_ Highway, Suite 1204, Arlington, VA 22202--4302, and to the Office of Management and Budget, Paperwork Reduction _ (0704-0188), Wamhir_ton, DG 20503.
I_AGENCYUSEONLY(Leaveblank) 2. REPORTDATE [3. REPORT TYPE AND DATES COVERED
February 1993 Technical Memorandum
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
Atomic Hydrogen Propellants: Historical Perspectives and Future Possibilities
0- AUTHOR(S)
Bryan Palaszewski
7. PERFORMING ORGANIZATION NAME(s) AND ADDRESS(F.S)
National Aeronautics and Space Administration
lewis Research Center
Cleveland, Ohio 44135-3191
9. SPONSORINOJMoNrrOmNGAGENCY NAMES(S)ANDADDRESS(ES)
National Aeronautics and Space Administration
Washington, D.C. 20546-0001
WU-506--42--00
8. PERFORMING ORGANIZATION
REPORT NUMBER
E-7(Y16
!10. SPONSORING/MONrrORING
AGENCY REPORT NUMBER
NASA TM- 106053
11. SUPPLEMENTARYNOTES
Prepared for the 31st Aerospace Sciences Meeting and Exhibit sponsored by the American Institute of Aeronautics and
Astronuatics, Reno, Nevada, January 11-14, 1993. Responsible person, Bryan Palaszewski, (216) 97%7493.
lzs. DISTRIGUTION/AVAILABILII"YSTATEMENT 12b. DISTRIBUTIONCODE'
Unclassified - Unlimited
Subject Category 20
13. ABSTRACT (Maximum 200 words)
Very high energy density, free-radical propellants such as atomic hydrogen may enable unique launch vehicle propulsion
applications. Atomic hydrogen could deliver a specific impulse between 600 and 1500 lbf-s/lb m performance level and
this capability has attracted many researchers over the last 50 years. This paper reviews atomic hydrogen investigations
and assesses the current state of the art. Future directions for research on this propellent are discussed and trade studies
are presented that can be used to establish the "best" engine and space vehicle design conditions. There has been great
progress in the improvement of atom storage density over the last several decades. Laboratory studies have demon-
strated 0.2 and 2 mass percent atomic hydrogen in a solid hydrogen matrix. If the atom storage were to reach l0 to
15 percent, which would produce an lsp of 600 to 750 Ibf-s/Ib m, atomic hydrogen might produce an attractive alternative
to current chemical propulsion. However, new breakthroughs in production, storage, and transfer technologies are
required before atomic hydrogen can be used as a rocket propellent.
14. SUBJECTTERMS
Free radicals; Rocket propulsion systems; High energy density
17. SECURITY CLASSIFICATION
OF REPORT
Unclassified
NSN 7540-01-280.5500
18. SECURITY CLASSIFICATION
OF THIS PAGE
Unclassified
19. SECURITY CLASSIFICATION
OF ABSTRACT
Unclassified
18. NUMBER OF PAGES
25
1L PRICE CODE
A03
20- uMrrATION OF ABSTRACT
Standard Form 298 (Rev. 2-89)
Prmtcrlt_d by ANSI Std. Z39-18
298-102
